Damage observed in the hippocampus of the adult spontaneously hypertensive rat (SHR) resembles the neuropathology of mineralocorticoid-induced hypertension, supporting a similar endocrine dysfunction in both entities. In the present study, we tested the hypothesis that increased expression of the hippocampal mineralocorticoid receptor (MR) in SHR animals is associated with a prevalent expression of pro-inflammatory over anti-inflammatory factors. Accordingly, in the hippocampus, we measured mRNA expression and immunoreactivity of the MR and glucocorticoid receptor (GR) using a quantitative polymerase chain reaction and histochemistry. We also measured serumglucocorticoid-activated kinase 1 (Sgk1 mRNA), the number and phenotype of Iba1+ microglia, as well as mRNA expression levels of the pro-inflammatory factors cyclooxygenase 2 (Cox2), Nlrp3 inflammasome and tumour necrosis factor α (Tnfα).
increased oxidative stress, decreased neurogenesis, neuroinflammation, vascular remodelling, neuronal mitochondrial dysfunction, decreased activity of nitric oxide synthase (NOS) and pyramidal neurone atrophy. 2, [12] [13] [14] [15] [16] MR activation in brain endothelia induces mRNA of proinflammatory cytokines 17 and stimulates proliferation of the forebrain microglia. 18 The resulting neuroinflammation is a strong contributor to the pathogenic effects of hypertension. 19 Thus, although MR is neuroprotective to the effects of chronic stress in hippocampus, 20, 21 it appears that during hypertension MR activation contributes to endorgan damage, which is further aggravated by salt loading.
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The present study aimed to determine whether changes in the expression of the MR and its colocalised glucocorticoid receptor (GR or NR3C1) 22, 23 associate with the immunophenotype of microglia and neuroinflammation markers in the hippocampus of SHR. Accordingly, we used 10 month-old male SHR and WKY rats to study (i) the expression of MR and GR in hippocampus; (ii) the expression of the MR and GR-target gene serum-glucocorticoid-activated kinase 1 (Sgk1 mRNA) as an indicator of receptor functionality
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; (iii) the number and phenotype of Iba1+ microglia; (iv) mRNA expression levels of the proinflammatory factors cyclooxygenase 2 (Cox2), Nlrp3 inflammasome and tumor necrosis factor α (Tnfα); (v) expression of Tgfβ mRNA, a factor endowed with anti-inflammatory properties 25 ; and changes of the NADPH-diaphorase activity of NOS 7 , an enzyme related to vasodilation, which is suppressed by MR activation. 26 The results highlight an association between MR, neuroinflammation and hypertensive encephalopathy.
| MATERIALS AND METHODS

| Experimental animals
Ten-month-old male SHR and WKY rats were purchased from the animal facility of the Instituto de Biologia y Medicina Experimental (Buenos Aires, Argentina). Rats were maintained under a 12:12 hour light/dark cycle (lights on 07.00 h) at 22°C and controlled humidity and given food and water ad libitum. The blood pressure response, as monitored using a tail-cuff method, measured 187.1±5.2 mm Hg in SHR and 111.8±3.0 mm Hg in control WKY rats. For immunohistochemistry (IHC) and immunofluorescence (IF) assays, rats were anaesthetised with isoflurane under a fume hood, and perfused via the heart with 0.9% NaCl in 0.1 mol L -1 phosphate-buffered saline (pH 7.4) (PBS) followed by 4% paraformaldehyde (PFA) (Merck, Darmstatd, Germany) in phosphate buffer at pH 7.4. For real-time polymerase chain reaction (PCR), anaesthetised rats were decapitated and brains collected for further analysis. Animal handling followed the Guide for the Care For dual IF of MR and GR, brain slices were pre-incubated with 5% goat serum in PBS-0.15% Triton X-100 for 30 minutes at 37°C, and then incubated with primary antibodies ( ) (n=5-6 rats per group).
| IHC and IF assays
| Quantitative analysis of Iba1 immunoreactive cells
| Determination of MR and GR immunoreactive area
Images containing the dorsal hippocampus of SHR and WKY rats were acquired at the same magnification (×212.5) using a GP-KR222 digital camera (Panasonic Corp., Osaka, Japan) connected to a BH2 microscope (Olympus) and image analysis software bioscan optimas vi (Bioscan Inc., Edmonds, WA, USA). Immunoreactive MR and GR areas were determined for the CA3 (MR) and CA1 (MR, GR) hippocampal regions, applying a grey-scale threshold, considering that MR extends to all hippocampus subfields, whereas GR is poorly localised in the CA3 region. 
| Analysis of MR and GR co-expression in the hippocampus of SHR and WKY rats
The percentage of MR positive cells (green) that co-express GR (red) was analysed by confocal microscopy. Confocal microphotographs (2048 × 2048 pixels) were acquired using a DS-U1 camera (Nikon, Tokyo, Japan) with act-2u software (Nikon) coupled to an Eclipse E800 confocal Microscope (Nikon) at ×600 magnification. Pairs of images were collected simultaneously in the green and red channels.
For image processing and image analysis, imagej, version 1.51h (NIH, Bethesda, MD, USA) was used. After applying a threshold, the total number of MR positive cells (green IF) was counted and the percentage of MR positive cells that also expressed GR (yellow in merged images) was calculated. Cells were counted in n=6 sections from n=6 animals per experimental group. 
| NADPH-diaphorase histochemistry
| Statistical analysis
Student's t test was used to determine significance between the two groups (SHR and WKY rats). In case variables did not follow normality criteria in accordance with the Shapiro-Wilk test, the Mann-Whitney test was applied (prism, version 4; GraphPad Software Inc., San Diego, CA, USA). All results are expressed as the mean±SEM. P<.05 was considered statistically significant.
| RESULTS
| MR, GR mRNA and MR protein expression and co-expression of MR with GR in the hippocampus of SHR and WKY rats
Dual immunofluorescence analysis of the expression of MR/GR in whole hippocampus and the CA1 and CA3 regions revealed strain differences between SHR and WKY rats ( Figure 1 ). Low power photomicrographs ( Figure 1A) showed MR staining widely distributed in pyramidal cell areas and the gyrus dentatus from both SHR and WKY rats. Instead, GR staining was low in the CA3 pyramidal cell layer, as reported previously. 31 In the hippocampus, the signal for MR immunofluorescent protein (green colour) and, to a lesser extent, GR (red colour), as well as co-expression with GR (merged, yellow), was stronger in SHR compared to WKY rats. Second, zoom imaging of CA1 ( Figure 1B ) and CA3 regions ( Figure 1C ) showed higher number of MR+ cells and a slightly higher number of GR+ cells in both regions of SHR. Figure 1 in SHR compared to WKY rats (P<.05 for CA1 and P<.05 for CA3) ( Figure 2B,C) . By contrast, GR mRNA levels in whole hippocampus were similar in both strains ( Figure 2D ), although differences in GR total immunoreactive area were obtained in the CA1 region, favouring SHR over WKY rats ( Figure 2E ). Thus, we observed stimulated expression of MR mRNA in whole hippocampus and of MR protein in pyramidal cell layers of SHR.
| Microglia morphological phenotype in SHR and WKY rats
We used Iba1 immunofluorescence staining and confocal microscopy to compare microglia morphological phenotypes in WKY rats and SHR. Three areas of the hippocampus were selected for the study:
CA1 and CA3 pyramidal regions and the hilus of the dentate gyrus.
Iba1+ cells were classified into two main types using light microscopy: (i) cells showing a highly ramified processes and small soma and 
| Comparative expression of a marker of MR/GR activation and pro-inflammatory and anti-inflammatory factors in the hippocampus of SHR and WKY rats
To investigate whether changes of microglia phenotype were accompanied by markers of neuroinflammation, we measured, by quantitative PCR, several molecules bound to inflammation and signalling in the hippocampus of the two strains. First, we determined SGK1, a determinant of mineralocorticoid and glucocorticoid function 24 fostering inflammation in the periphery. 34 In agreement with these effects, the hippocampus of SHR showed a five-fold increase in Sgk1 mRNA compared to WKY rats (P<.01) ( Figure 4A ). We also determined
Cox2, an enzyme associated with vascular inflammation in SHR.
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Cox2 mRNA was increased two-fold in the hippocampus of SHR vs WKY rats (P<.05) ( Figure 4B ). Third, the mRNA for the inflammasome component Nlrp3 was higher in SHR vs WKY rats (P<.05) ( Figure 4C ).
However, the cytokine Tnfα mRNA in SHR was not significantly different compared to WKY rats ( Figure 4D) . 
| DISCUSSION
The present study has demonstrated further differences in the hippocampus of SHR, suggesting a link between increased MR expression and neuroinflammation in this hypertensive strain.
The current data demonstrate that increased hippocampal MR expression is associated with a shift in balance towards increased expression of pro-inflammatory genes at the expense of anti-inflammatory factors. The results concerning MR agree with the higher binding and expression of MR in the hippocampus and heart, kidney and endothelial vasculature of SHR vs WKY rats. 3, 4, 7, 9, 10 In the SHR hippocampus, higher MR expression may be related to existing neuropathology, a circumstance that unmasks this receptor as a proverbial "death receptor"
under adverse conditions. It is considered that MR activation mediates a switch from vascular health to damage, inflammation and fibrosis in response to cardiovascular risk factors. [37] [38] [39] Regarding the GR, quantitative PCR did not show strain differences in mRNA levels, although the total immunoreactive GR protein was significantly elevated in SHR vs WKY rats. However, it should be considered that the quantitative PCR data were obtained from whole hippocampus, containing regions of high (CA1, CA3 and dentate gyrus) and low (CA3) GR expression.
Instead, the immunostaining shown in Figure 2 (E) corresponds to the CA1 region, which shows high GR expression. Immunofluorescence staining revealed further strain differences in receptor localisation.
Although MR localised mainly in the cell nuclei, GR labelling was also found in cytoplasm and cell processes. These differences depend on the receptor in question because GR becomes visible as a function of corticosterone concentration, which concentrates the signal in the nucleus. The MR does not encounter such a problem because, as a result of its high affinity it is occupied throughout the day. 23 In both cases, higher intensity staining for MR and GR was observed for SHR vs WKY rats. These changes suggest that differences may exist in the mechanism of steroid action in the hippocampus of hypertensive rats, the nature of which awaits further clarification.
Factors implicated in MR overdrive may comprise oxidative stress the novel MR activators small GTP-binding protein Rac1 and adipocyte-derived aldosterone-releasing factor, the renin-angiotensin system and corticotrophin-releasing factor. [40] [41] [42] Oxidative stress may play an important role because it appears to boost the activation of MR by endogenous glucocorticoids. 38, 39, 43 It is assumed to be a direct consequence of an intracellular redox change and/or absence of the enzyme 11β-hydroxysteroid dehydrogenase type 2 in hippocampus.
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This enzyme normally protects the aldosterone-selective MR in the kidney, vascular endothelial cells and in discrete brain regions. 45, 46 This condition of elevated MR in the face of risk factors may increase hippocampal vulnerability, as shown by the profound neuropathology found in SHR. 1, 2, 7, 12, 16, 47, 48 In the hippocampus, the preferred MR ligand is corticosterone and not aldosterone as a result of the absence of 11-HSD2; corticosterone binds with high affinity to MR and approximately ten-fold lower affinity to the GR. 23 MR and GR are co-expressed in hippocampal neurones ( Figure 2 ) 31, 49 and bind for the same glucocorticoid response elements in the hippocampal genome as homo-and heterodimers. [50] [51] [52] Although, under certain conditions, corticosterone enhances hippocampal inflammation, 53,54 the extent to which GR also played a damaging role in the hippocampus of SHR remains to be established. In the present study, variation in GR immunoreactivity in the nucleus needs to be considered with caution because of uncertainty about the circulating levels corticosterone. 55 ).
7
Enhanced co-expression of MR and GR in neurones in the hippocampus of SHR was detected by dual immunofluorescence analysis and confocal microscopy. In our studies, a strong response of the MR and GR target gene Sgk1 was found in the SHR hippocampus.
Although we did not localise the cellular type responsible for the increased Sgk1 mRNA, the kinase has been detected in neurones, oligodendrocytes, astrocytes and microglia. 56 Lang et al. 57 Our findings raise a number of questions. First, does higher MR expression cause the increase in pro-inflammatory markers in hippocampus? To address this question, the increase in MR needs to be generalised to glial and vascular endothelial cells in the SHR to show colocalisation with the increased expression of pro-inflammatory genes. Second, does the hippocampal MR pro-inflammatory phenotype translate into an altered behaviour of the SHR rat? It is of relevance to the present study that SHR rats comprise a classical model for studying attention deficit hyperactivity disorder 70, 71 and also show a different coping style compared to WKY controls. 72 Third, how is the increase in ramified microglia related to the increased expression of pro-inflammatory markers?.
Further analysis of the data from Figure 3 
